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Calmcdulin, as a major intracellular calcium~binding protein, rcgulatcs many Caz’dcpendent enzymes and plays an important role in a wide 
spectrum of cellular functions of the eukaryotes. Interaction between calmodulin and human Iactoferrin, a 78 kDa protein with antibacterial 
propct ies, was found in the presence of Ca?’ using (i) a method for the detection of calmodulin binding proteins with biotinylated calmodulin, 
(ii) affinity chromatography onan aparose-calmodulin column with subsequent detection by an enzyme-linked immunosorbent assay (ELISA). 
The binding of calmodulin IO luctoferrin blocked the ability of lactoferrin to aglutinatc Micrococcus !,wd~Gkrictrs. 
Calmodulin; Lactoferrin; Ca?‘-binding protein; Lactotransfcrrin 
1. INTRODUCTION 
Calmodulin is an intracellular, calcium-binding pro- 
tein involved in the regulation of several calcium-de- 
pendent signalling pathways and essential celluiar 
processes [l]. This protein is present in virtually all 
eukaryotic cells [2] and a calmodulin-like protein has 
been well characterized in prokaryores [3]. Interactions 
between calmodulin and several peptides and proteins 
have been previously described and viewed as models 
for the study of calmodulin-binding domains of the 
proteins with cahnodulin-regulated functions [4-S]. 
Lactoferrin is a 78 kDa iron-binding lycoprotein pres- 
ent in most mammalian fluids and in secondary 
granules of neutrophilic leukocytes. Physiological ac- 
tivities proposed fnr this protein include defence against 
mucosal infection and its function as a regulator of 
granulopoiesis [9], This protein is one of the most im- 
portant antibacterial components of mucosal surfaces 
and is present at high concentrations in mucosal secre- 
tions [lo]. Lactoferrin inhibits the growth of many 
bacteria through simple iron deprivation [l 1,121 and by 
a still unclear direct bactericidal activity [13], In the 
present work, the interaction of calmodulin with lacto- 
ferrin is described. Direct evidence of this binding 
comes from the observations carried out using two dif- 
ferent methods. The binding between both proteins was 
Ca2+-dependent a d did not depend on the iron content 
of lactoferrin itself. Other members of the transferrin 
family, such as transferrin and ovotransferrin, did not 
show this ability. Finally, indirect evidence was pro- 
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vided by the calmodulin blocking effect of lactoferrin- 
induced agglutination of bacterial protoplasts upon ly- 
sozyme action. 
2. MATERIALS AND METHODS 
2. I. Derecriort oJchodttlin bitlditg 
Samples of iron-saturated and iron-free proteins (human Iacto- 
fcrrin, human trasfcrrin and ovolransferrin from Sigma), hen cgl_ 
white lysotymc (Boehrinpr-Mannheim) and molecular weight 
standards (Pharmacia, Sweden) were applied on SDS slab gels (12%) 
and clectrophoresis was carried out by tB: method of Laemmli [IS]. 
After clectroplioresis, the proteins were lrdnsferred to nitrocellulose 
membranes for 3 h at 400 mA using the method of Towbin et al. [I51 
followed by the detection of calmodulin binding proteins as described 
by Dillingslcy et al. [l6]. The mcmbrancs were incubated in a blocking 
solution (50 mM Tris-HCI. pH 7.4. 250 mM NaCI. I mM CaClJ 
containing 1,546 bovine serum albumin (BSA). After blocking and 
washing, the membranes were incubated with biotinykiled calmodulin 
(I pg/ml) for I h at room temperature and transferred to an avidin- 
alkaline phosphatasc (Sigma) solution followed by addition of sub- 
strates for colour development. To detect calcium-dependent bindinS 
of biotinylatcd calmodulin, incubations and washes of parallel 
membrane strips were processed with S mM EGTA or IOO,UM trilhto- 
perazine (Boehringcr-Mannheim) which substituted Cat&. Lacto- 
fcrrin was lysozyme free as determined by transimmunoblot using an 
antibody anti-human lysozyme (Dakopatts, Denmark). 
2.2. AJt%it,s cliruttrurogrup/ty on utt ugarow-calttroduht colutttti 
Allinity chromatography was performed as described previously 
[ 171 on an AIligcl+almodulin (Bio-Rad) column of I ml (2.5 x0.5 cm) 
which was equilibrated before washing three times with a solution 
containing SO mM Tris-HCI (pH 7.4), I50 mM NaCl and I mM 
CaCI,. The human lactofcrrin sample (SO0 #I from a solution of I.2 
mg/ml) was loaded and left for 30 min to allow maximal binding. The 
chromatography was performed at 4OC with a How rate of I mhh. 
Lactofcrrin was cluted in the presence of a solution containing 50 mM 
Tris-HCI (pH 7.4), 150 mM NaCi and 3 mhi EGTA. Fracliods @Xi 
pl) were tested for the presence of lactofcrrin using a ‘sandwich’ en- 
zymcGnked immunosorbent assay (see section 2.3). 
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2.3. Dercrtt~ittariott of hmferritr bv ELISA 
Detection of lnctoferrin was performed by using an enzyme-linked 
immunosorbent assay (ELISA) described by Gutteberg et al. [ICI. 
Appropriate dilutions of coating antibody and conjugated antibody 
were chosen to give the best spread in optic densities for lactofcrrin 
in the range I-l.OOOj@. Microtitrc wells (Costar, Cambridge, MA) 
were each codted with 0.1 ml of affinity antibody anti-human lacto. 
ferrin (Sigma) diluted 1:20,000 incoating buffer (0.05 M NaHCO>, pH 
9.6) for I3 h at 4OC. Wells were then blocked with 0.25 ml of phosw 
phate-buffered saline (PBS) containing 1% BSA and 0.1% NaN, for 
I h at 37OC before 0.1 ml of cluted fraction was added and left for I 
h at 37OC. The peroxidase-conjugated an -human lactofcrrin (Jack- 
son lmmunoresearch Labs., Avondale, PA) diluted at 1:100,000 in
PBS containing I% BSA and 0.01% thimerosal was added and left for 
I h at 37°C. A solution of o-phenylenediamine dihidrochloride (I
m&nl) in substrate buffer (O,? M NaIHPO,, 0.1 M citric acid, pH 5.0) 
plus 0.003% HzOl was added to each well and colour was allowed to 
develop for 30 min at 37OC before being stopped with 0.1 ml of 3 N 
HzSOd. Absorbanccs were read at 490 nm on a microtitrc plate reader 
(Organon Teknika). Human lactoferrin diluted in PBS (2-1,00011(g/l) 
was used as standard. 
2,4. l.uctoj&ritf-induced ft~gff4titmlion 
The enzymatic activity of lysozyme (EC 3.2.1.17) was determined 
from the rate of lysis of a fresh suspension of lyophilized cells of 
Micrococc~rs Iysodeikticus ATCC 4698 (Sigma) in 0.066 M sodium 
phosphate buffer, pH 5.5/100 mM NaCI, previously prepared to give 
an absorbance of 0.8 at 450 nm. Hen egg-white lysozymc (5ys/lOOyl) 
was mixed in the spectrophotometric cuvette, with 2.4 ml of the cell 
suspension and the decrease ofabsorbancc was recorded at 20°C. The 
effect of lactoferrin on the lysis of M. /ysodeikricus by lysozyme was 
performed as described by Perraudin et al. [19]. Human lactoferrin 
solution (100 yl from a solution of 10 mg/ml) was added to the cell 
suspension prior to lysozyme and the extent of agglutination was 
followed in the conditions described above. Calmodulin was added in 
order to reach different concentrations in the presence of lactoferrin 
and lysotyme. 
2.~5. Cdtttodditt bit&g msuys IO bucteriul tnetnbrmes 
Calmodulin binding to the immobilized cellular membranes of M. 
ipodeikticus was determined on nitrocellulose sheets, using the 
method described by Schryvers [20] and modified by using bioti- 
nylated calmodulin and the avidin-alkaline phosphatase ystem dc- 
scribed in section 2. I. 
3. RESULTS 
3.1. Detecrion of lacioferrin on rransfer membranes by 
using biotinylated calmodulin 
After electrophoresis in SDS slab gels the proteins were 
immobilized on nitrocellulose membranes by elec- 
troblotting. Calmodulin binding proteins were rec- 
ognized by incubation with biotinylated calmodulin fol- 
lowed by detection with avidin-alkaline phosphatase 
chromogens. Sectioned membranes were incubated with 
biotinylated calmodulin in the presence of Cal+ (1 mid), 
EGTA (5 mM) or trifluoperazinc (100 PM). A coloured 
band corresponding to lactoferrin was seen on the 
membrane in the presence of Ca’” after 20 min of colour 
development (Fig. 1). When EGTA was included in the 
biotinyiated caimoduiin incubation a signai WPS not de- 
tected on the membrane. Similar results were obtained 
when trifluoperazine, a calmodulin antagonist, was 
added to the incubation mixture. Non-specific binding 
Fig. I, Binding of biotinylated calmodulin to human lactofcrrin. SDS- 
PAGE of iron-free proteins was carried out in duplicate and the 
polyacrylamidc gel was elcctroblotted. (A) Electroblotted section cx~ 
posed to biotinylated calmodulin and the avidin-alkaline phosphatase 
system. Lane corresponds to human lactoferrin. (B) Coomassie bluc- 
stained portion of the blot. (Lane 1) hen egg lysozyme; (lane 2) ovo- 
transferrin; (lane 3) human transferrin; (lane 4) human lactoferrin; 
(lane 5) molecular weight markers (sites given in kilodaltons). 
of avidin-alkaline phosphatase to lactoferrin and to 
other proteins (transferrin, ovotransferrin and ly- 
sozyme) was not observed. Calmodulin was unable to 
bind to human transferrin or ovotransferrin in the as- 
sayed conditions but calmodulin binding was observed 
when lysozyme was used as a positive control [17]. 
3.2. Bindittg of Iactoferritt to an Affigel-caltnodutin 
COh?1N 
Binding of lactoferrin to calmodulin was determined 
by affinity chromatography in a calmodulin-agarose 
column. Preparations of lactoferrin in buffer containing 
1 mM Ca?+ were chromatographed through a column 
of Affigel-calmodulin. Affinity chromatography studies 
demonstrated that the direct interaction between cal- 
modulin and lactoferrin is dependent on Ca”. Lactofer- 
rin was eluted only in the absence of this metal ion and 
in the presence of 5 mM of EGTA, a Ca”‘-chelating 
agent. Lactoferrin was detected in the eluted fractions 
using an enzyme-linked immunoassay (Fig. 2). At least 
43% of the applied protein was recovered from the col- 
umn. 
3.3. Inhibition of luctoferrin aggfutinurion for cultnodtrlin 
Lactoferrin agglutination of AI. lysodeik hew 
(formerly named M. lureus) has been described as a 
model system to study the interaction of lactoferrin with 
bacterial cells [ 191. In this study the possible effect of 
calmodulin binding to lactoferrin on the lactoferrin- 
induced agglutination was determined. The lactoferrin 
aggiutination assays on IV. lysodeikticrrs in the presence 
of different concentrations of calmodulin (0.17, 0.35, 
3.5 mg/mlj were performed at 2O’C. A loss in the ability 
of lactoferrin to agglutinate the bacterial cells was ob- 
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Fig. 2. Ca”-dependent binding of lactoferrin IO an agarosc-cal- 
modulin column. Lactofcrrin (0.6 mg in SOO@) wi15 applied on a I ml 
Affipl-calmodulin column. The column was equilibrated with a 
buffer containing I mM CaC12. Elution was carried out by running a 
buffer with 5 nt.M EGTA. Fractions were taken and lactoferrin was 
detected by ELISA. The arrow indicates GGTA addition for clution 
of lactoferrin. 
served (Fig. 3). The calmodulin blocking was dependent 
on the concentration of calmodulin present in the 
sample. Control assays with higher concentrations of 
BSA (6 mg/ml) were unable to block the agglutination. 
Using the method described in section 2.5, calmodulin 
binding to outer membrane of M. fpodeikricus was not 
detc%ted. 
4. DISCUSSION 
Several basic proteins and small polypeptides have 
been described that bind to the acidic Ca”‘-binding pro- 
tein, calmodulin [4-R]. However, it has been suggested 
that other physical and chemical properties besides the 
basic nature of these proteins should be considered 
when explaining this interaction [7]. The present study 
shows that calmodulin interacts with human lactoferrin 
in vitro and that this interaction occurs in a Ca’+-de- 
pendent manner. These findings are supported by the 
results obtained using a method for the detection of 
calmodulin binding proteins. Biotinylated calmodulin 
was able to bind to immobilized lactofcrrin in the pres- 
ence of Ca”*, unlike calmodulin binding of membranes 
which was not observed when EGTA was present. Af- 
finity chromatography on 811 agarose-calniodulin col- 
umn also showed a Ca’+-dependent binding between 
both proteins, and lactoferrin was eluted from the affin- 
ity column only in the presence of the above Ca’+- 
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Fig. 3. Blocking effect ofcalmodulin on lactofcrrin-induced ag&ina- 
lion. (a) Lytic cffcct of (5 pgrnl) lysozyme on a suspension of rll. 
f~~sodcikricr~s (- - -). Baaerial agglutination in the presence of ly- 
sozyme (5 pgrnl) plus I mg of lactoferrin (-). (b) Laaoferrin-induced 
agglutination i  the presence of differem concentrations of calmod- 
ulin: (---) 0.17 mg/ml; (-,--) 0.35 m&ml; and (.ee,) 3.5 mg/ml. The 
curves arc representative of three separalc xpcriments, 
chelating agent. Lactoferrin is a member of the trans- 
ferrin family of proteins, which includes serum trans- 
ferrin, ovotransferrin and melanotransferrin [21]. Al- 
though these iron-binding proteins have a 40-508 
amino acid sequence identity between them [22], and the 
presence of Fe3+ on lactoferrin induces a conforma- 
tional change on the molecule [23], under our experi- 
mental conditions, lactoferrin was the only iron-binding 
protein studied which was able to bind calmodulin. The 
presence of Fe3+ on lactoferrin did not modify the cal- 
modulin-lactoferrin i teraction. 
A possible xplanation for the binding between these 
molecules could be the hydrophobic nature of both 
proteins. As has been previously reported, Ca” induces 
exposure of two hydrophobic domains on calmodulin 
[24] and lactoferrin has been shown to interact with 
bacterial lipopolysaccharides of the cellular membrane 
[25]. Although the physiological role is unknown, other 
antibacterial proteins such as lysozyme and scminal- 
plasmin bind to calmodulin in the presence of Ca” 
[17,2G]. In this sense our results could be helpful in 
trying to understand how calmodulin recognizes its 
target proteins. Also, the ability of calmodulin to block 
the bacterial lactoferrin-induced agglutination is indeed 
interesting. A sim..,. ilarblocking effect was described pre- 
viously for the antibacterial protein, seminalplasmin, 
which in the presence of Ca” forms biologically inactive 
complexes with calmodulin [25]. In view of the lack of 
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interaction of calmodu.lin with the bacterial membxnc, 
the blocking effect observed suggests a competitio;l be- 
tween calmodulin and the lactoferrin receptor on the 
cell membrane. The blocking property of calmodulin on 
lactoferrin-induced agglutination could help to under- 
stand the lactoferrin-recognizing domain!; that bind to 
receptors on A& lysodeikricuu. Studies are in progress in 
the belief that this model will permit othmer approaches 
to study the antimicrobial action of lactoferrin. 
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